Objectives. The first objective was to develop a quantitative method for tracking the three-dimensional geometry of the mitral valve. The second was to determine the complex interrelationships of various components of the mitral valve in vivo. Methods and results. Sixteen sonomicrometry transducers were placed around the mitral valve anulus, at the tips and bases of both papillary muscles, at the ventricular apex, across the ventricular epicardial short axis, and on the anterior chest wall before and during cardiopulmonary bypass in eight anesthetized sheep. Animals were studied later on 17 occasions. Reproducibility of derived chord lengths and three-dimensional coordinates from sonomicrometry array localization, longevity of transducer signals, and the dynamics Of the mitral valve and left ventricle were studied. Reproducibility of distance measurements averages 1.6%; Procrustes analysis of three-dimensional arrays of coordinate locations predicts an average error of 2.2 ram. Duration of serial sonomicrometry array localization signals ranges between 60 and 151 days (mean 114 days). Sonomicrometry array localization demonstrates the saddle-shaped mitral anulus, its minimal orifice area immediately before end-diastole, and uneven, apical descent during systole. Papillary muscles shorten only 3.0 to 3.5 mm. Sonomicrometry array localization demonstrates nonuniform torsion of papillary muscle transducers around a longitudinal axis and shows rotation of papillary muscular bases toward each other during systole. Conclusion. Tagging of ventricular structures in experimental animals by sonomicrometry array localization images is highly reproducible and suitable for serial observations. In sheep the method provides unique, quantitative information regarding the interrelationship of mitral valvular and left ventricular structures throughout the cardiac cycle. (J Thorac Cardiovasc Surg 1996;112:712-26) S onomicrometry array localization (SAL) identifies an array of individual piezoelectric, sonomicrometry transducers affixed to the heart in threedimensional space.
. Positions of the intracardiac, apical, and short axis transducers (n = 13). A, Approximate sagittal view; B, atrial view illustrating the approximate positions of six annular transducers. Three additional transducers are attached to the anterior chest wall to form a plane of reference.
onal views throughout the cardiac cycle. The reproducibility of distance measurements and two-dimensional views is assessed and the capability of the method for serial measurements over time is demonstrated. The complex three-dimensional geometric interrelationships of various components of the normal ovine mitral valve during the cardiac cycle is described with unexpected findings.
Methods
Hardware. The Sonometrics Series 5001 digital sonomicrometer (Sonometrics Corp., London, Ontario, Canada) measures distances in an aqueous medium by means of piezoelectric transducers, a high-frequency counter, and the time-of-flight principle. It is capable of measuring all 120 distances (n[n -1]/2) between 16 transducers once every 5 msec. The sonomicrometer consists of four components: (1) a 486-class personal computer that controls sonomicrometry functions and runs applications software; (2) a customized timing board that controls the length of the energizing pulse and the sequence of transducer transmissions; (3) a customized distance-measuring circuit that translates the ultrasonic signal into a distance measurement; and (4) an eightchannel analog-to-digital board that is synchronized with the sonomicrometer distance measurements. The transducers are 3 mm hemispheric PZT-5A piezoelectric crystals (Crystal Biotech, Hopkinton, Mass.). When interfaced with the Sonometrics sonomicrometer, these transducers emit ultrasound at a frequency of 800 kHz.
Animal studies. So that the ovine mitral valve can be imaged, 16 transducers are placed as follows. Six transducers are sutured around the mitral valve anulus: one each at the anterior and posterior commissures, two along the anterior leaflet (dividing it into three approximately equal segments), and two along the posterior leaflet. Transducers are also sutured to the tips and bases of both papillary muscles. The short axis of the heart is defined by anterior and posterior epicardial transducers. A third epicardial transducer is placed at the ventricular apex. The final three transducers are sutured to the anterior chest wall and sternum, 3 to 5 cm apart, to form a triangular anatomic reference frame. Fig. 1 depicts the locations of the 13 cardiac transducers.
In compliance with guidelines for humane care (NIH Publication No. 85-23, revised 1985) , anesthesia was induced with sodium thiopental (10 to 15 mg/kg intravenously in eight Dorsett hybrid sheep (33 to 42 kg). They were intubated and anesthetized and ventilated with isoflnrane (1.5% to 2%) and oxygen (Drfiger anesthesia ventilator, North American Dr/iger, Telford, Pa.). The sheep received glycopyrrolate (0.4 mg intravenously) and one dose of cefazolin (1 gm intravenously) before the operation and one dose afterward. The surface electrocardiogram and arterial blood pressure were monitored.
Through a sterile left lateral thoracotomy, the three chest wall transducers were sutured to the sternum and chest wall away from the lung. Three epicardial transducers were sutured to the short axis and apex of the ventricle. After heparin (120 mg intravenously), normothermic cardiopulmonary bypass was started and the heart was electrically fibrillated. The perfusion circuit consisted of a 28F wire-wrapped venous cannula (Medtronic Inc., Minneapolis, Minn.) placed into the right ventricle through the main pulmonary artery, a 14F wire-wrapped arterial cannula in the left carotid artery, a centrifugal pump with precalibrated electromagnetic flowmeter (Medtronic Inc.), and a bubble oxygenator/heat exchanger (model H-1700, Bard Cardiopulmonary Division, Tewksbury, Mass.). The large left atrial appendage was opened to expose the mitral valve. Under direct vision, 10 endocardial transducers were sutured to the mitral valve as described earlier (see Fig. 1 ). Polydioxanone hemoclips (Ethicon, Inc., Somerville, N.J.) were placed across the wire at tissue exit points to hold transducers in place. Wires to the papillary muscles were brought out through the left ventricular free wall below the plane of the valve. The annular transducer wires were brought out through the atriotomy. No wire crossed the plane of the mitral valve. After the atrium was closed, the animal was defibrillated and weaned from cardiopulmonary bypass. The 16 color-coded transducer wires were brought out through the chest wall and secured externally by a plastic patch sutured to the skin.
Animals were studied between 10 and 15l days after the instrumentation operation. A total of 17 studies were performed on eight sheep at various intervals. For SAL studies sheep were sedated with thiopental, intubated, and anesthetized with isoflurane. Animals were supine, their lungs mechanically ventilated, and their hearts atrially paced at 120 beats/rain. Under sterile conditions a highfidelity pressure transducer (SPC-350, Millar Instruments, Inc., Houston, Tex.) was passed through a cutdown into the left ventricle via the left carotid artery. Surface electrocardiogram and left ventricular pressure were monitored continuously (Hewlett-Packard 78534C monitor, Hewlett-Packard Company, Andover, Mass.). A SwanGanz catheter (131H-7F, Baxter Healthcare Corp., Irvine, Calif.) was introduced via the right internal jugular vein to measure pulmonary artery and capillary wedge pressures. Thermodilution cardiac output was measured in duplicate before sonomicrometry data were collected. Ventilation was suspended during measurements.
Sonomicrometer settings. Two sonomicrometer settings, pulse length and inhibit delay, are adjusted to maximize the number of measured chord lengths. The pulse length is the time during which a voltage is applied to a transducer to produce sound waves. The applied voltage also produces an electromagnetic pulse that prematurely activates receiving transducers; this artifact necessitates an inhibit delay. A longer pulse length improves signal quality but requires a longer inhibit delay, which increases the minimum distance that can be measured. Adjustments attempt to maximize pulse length and minimize inhibit delay. Data are collected in 5-second runs.
Sonomicrometry signal processing. Spikes caused by noise and intermittent level shifts caused by failure to track the leading wave front of the ultrasound signal are removed at a later time with software produced by Sonometrics Corporation. With the use of customized software (J. T. Streicher) any heartbeat during the data run can be chosen for analysis. Each chord length is examined within the chosen heartbeat. Some chord lengths are not successfully measured and other chord lengths are measured twice. Only one measurement of each chord length is selected for input into the MDS algorithm.
MDS is an iterative technique that calculates threedimensional coordinates from a group of chord lengths)' 3 MDS compensates for measurement error in in vivo studies. 1 MDS also accurately determines any intertransducer distances that are not directly measured (i.e., between two transducers) by establishing the coordinates of the two transducers and calculating the distance between them. Customized software was developed to implement the MDS algorithm (K. B. Gupta). The three-dimensional coordinates for all transducers at all time points in the cardiac cycle are determined.
Within the chosen heartbeat four time points of special interest in the cardiac cycle are identified by means of the electrocardiogram and pressures. (The aortic root pressure trace is first smoothed by applying a high-frequency filter once.) End-diastole is defined as the peak of the QRS complex; end-systole is defined as the maximum negative left ventricular dP/dt. 4 End isovolumic contraction is defined as the first time point at which the aortic root dP/dt is greater than zero. End isovolumic relaxation is defined as the time at which the left ventricular pressure is 10% of LVPma x and the left ventricular dP/dt is less than 0. 5
Imaging. The three chest wall transducers are used to determine a fixed reference frame and coordinate system in which the 13 transducers attached to the heart are located. Within this fixed reference frame three orthogohal viewing planes are established. These are related to the heart as follows: The first plane is determined by fitting a least-squares plane through the six annular transducers at end-diastole (Fig. 2, annular plane) . The second plane is oriented orthogonal to the annular plane and passes through both the centroid of the mitral anulus and the transducer located at the anterior commissure (Fig. 2 , sagittal plane). The third plane is oriented orthogonal to the other two planes and also passes through the centroid (Fig. 2, coronal plane) . Once these planes are established at end-diastole, they do not change during the cardiac cycle. Individual transducers may move in and out of each viewing plane, but the planes remain fixed.
We generate two-dimensional views of transducer movements by projecting transducer locations in three dimensions onto one of the three orthogonal planes. The projection onto the annular plane is termed the axial view. The area of the anulus is the area of the hexagon of annular transducers in this plane. The projection onto the plane that includes the centroid of the anulus and the anterior commissure is termed the sagittal view. The projection onto the third plane is the coronal view. A best-fit "surface" between the six annular transducers is generated to produce an animated three-dimensional representation of the anulus during the cardiac cycle. As the heart moves during the cardiac cycle the torsion axis moves with it. Axial positions on the torsion axis of individual transducers also change. The torsion between any two individual transducers is found by taking the difference between their respective angular changes and dividing by the difference between their end-diastolic axial positions.
Estimation of reproducibility of intertransducer distance measurements and transducer coordinates. analyst variability on reproducibility were studied, as was the reproducibility of sequential measurements in the same sheep.
Longevity of sonomicrometry signals. The longevity of a full array (n = 16) of sonomicrometry transducer signals was assessed in five sheep, which were monitored until loss of one or more signals or the animal's death.
Anatomy and histology. The attachment of the mitral leaflets to the heart was examined by cutting tissue blocks perpendicular to the plane of the mitral anulus through the valve leaflet, atrium, anulus, and ventricle at multiple locations around the anulus in a dog, baboon, two sheep, and a human cadaver. Photographs were taken of the cross sections. In addition, for the sheep, tissue blocks were fixed in formaldehyde, stained in hematoxylin and eosin, and microscopically sectioned perpendicular to the leaflet attachment to the heart. The total area of the mitral leaflets was determined by planimetry in fresh hearts after euthanasia in three animals in which axial views were obtained during life by SAL. The ratio of leaflet area to maximal annular area was calculated for these sheep.
Results
Distance measurements. SAL produces distance measurements between any two transducers every 5 msec throughout the cardiac cycle. For the array of 16 transducers approximately 100 sets (depending on heart rate) of 120 distances between transducers are generated. These distance measurements calculated by MDS agree closely with direct measurements between each transducer pair. 1
Orthogonal two-dimensional views of the mitral
valve. Three orthogonal views indicating the locations of all 16 transducers at end-diastole and endsystole are presented in Fig. 4 . The images presented in this figure are from a single sheep but are representative of all eight. Although SAL measures chord lengths rather than arc lengths, the method estimates the circumference and area of the mitral anulus. Fig. 4 shows that the area of the mitral orifice in the axial view (Fig. 4, C) is smaller at end-diastole than at end-systole. The descent of the mitral anulus toward the ventricular apex during systole, the nearly constant position of the ventricular apex, and the "saddle-shaped" configuration 6 of the mitral anulus with depressed commissures are also apparent in these views.
Reproducibility analysis. The results of the reproducibility studies are presented in Table I and show that average variability within and between analysts and resulting from sonomicrometry settings is less than 1 mm and less than 2% of the distance Anatomy and histology. In sheep, anatomic cross sections show that the leaflets originate from atrial muscle and do not attach to ventricular muscle or the fibrous anulus. (Figs. 6 and 7) . This relationship was found in at least three sections obtained from two sheep. In dog, baboon, and human beings, the mitral leaflets are attached to ventricular muscle (Fig. 7) . In sheep both papillary muscles are closely associated with the ventricular wall, with only a short length of free unattached muscle (Fig. 8) .
In three sheep, the area of the mitral leaflets averaged 1230 mm 2 (range 1160 to 1370 mm2). The maximum mitral orifice area as estimated by SAL occurs near end isovolumic relaxation and averaged 790 mm 2 (range 670 to 950 mm2). The mean ratio of leaflet area to orifice area is 1.6 (range 1.4 to 1.8).
SAL images of the ovine mitral anulus Fig. 9 is an illustration of the three-dimensional shape of the mitral anulus at end-diastole and end-systole. An arbitrary surface passing through each of the annular transducers has been drawn to better demonstrate the "saddle shape" of the anulus, with apically depressed commisures, which are maintained throughout the cardiac cycle. All sheep studied had anuli of similar shapes. Fig. 10 is a more comprehensive description of the mitral anulus in one sheep. As viewed in the axial plane there is relatively little change of circumference along the anterior part of the anterior anulus in the area of the fibrous trigone. Most of the change in the annular circumference occurs along the posterior anulus and occurs after end isovolumic contraction in systole and after end isovolumic relaxation in diastole.
Selected intertransducer distances and the annular area, measured for a single heartbeat in one sheep, are shown as a function of time in Fig. 11 . The heart was atrially paced at 120 beats/rain. The maximum orifice area occurred near the end of isovolumic relaxation (Fig. 11, A) . The minimum orifice area occurred near end-diastole. The two commissures moved apart during isovolumic contraction, and the distance between them did not change during the remainder of systole (Fig. 11, B) . The distance between commissures was least immediately before end-diastole.
SAL images of papillary muscles and left ventricle.
For both papillary muscles, the maximum change in length during the cardiac cycle is approximately 3 to 3.5 mm (Fig. 11, C) . Ovine papillary muscles are longest during end isovolumic contraction and shortest near the end of relaxation. Note Number indicates postoperative day(s) in which all 16 transducers functioned. In three sheep (CR15, CR22, and CR23) later attempts to record data were made, but one or more transducers failed. The other two sheep became sick and were put to death.
also that at a stroke volume of 33.3 ml the change in the epicardial short axis during the cardiac cycle is only between 5 and 5.5 mm (Fig. 11, D) . Fig. 12 , A shows the rotation of the tips and bases of both papillary muscles around a longitudinal ventricular axis. As viewed from the base of the heart, the base of the posterior papillary muscle rotates counterclockwise and the base and tip of the anterior papillary muscle rotate clockwise. The tip of the posterior papillary muscle undergoes little angular change. This rotational movement of the papillary muscles during the cardiac cycle indicates considerable changes in the direction of the forces tethering the mitral leaflets. Fig. 12 , B shows that torsion along the posterior papillary muscle is greater in magnitude and opposite in direction to that along the anterior papillary muscle. During the majority of systole~ the posterior papillary muscle is subject to a rapid increase in torsion. During late systole posterior papillary muscle torsion becomes constant for approximately 50 msec. With the onset of isovolumic relaxation the posterior papillary muscle sustains a rapid decrease in torsion that continues through the remainder of diastole at a slower rate.
Discussion
SAL is a new method to accurately determine the three-dimensional locations of tagged cardiac components throughout the cardiac cycle in laboratory animals. The method produces reproducible distance measurements and two-dimensional views of transducer locations for periods ranging from several weeks to a few months. Our previous study 1 and this one show that signal processing and the MDS algorithm add minimal error to distance measurements between transducers and to three-dimensional transducer coordinates if all transducers continue to function. The addition of a fixed reference frame distinguishes translational movements from cardiac deformations and allows control of the orientation of imaging planes. Data can now be acquired at 200 Hz. These improvements overcome important limitations of our first-generation studies 7, s and greatly expand the utility of the method. SAL can now be used to study cardiac inflow valves and other cardiac structures and to describe remodeling changes that occur over time after experimental myocardial infarction, injury, or disease.
SAL complements other methods of cardiac imaging and has both distinct advantages and limitations. SAL requires surgery to tag specific cardiac structures. Variations in placement of transducers between sheep preclude precise image comparisons between sheep. The ability to track the three-dimensional coordinates of tagged structures in animals serially for several months is an important advan- tage of the method. In contrast, quantitative echocardiography and magnetic resonance imaging depend on anatomic landmarks for location of cardiac structures.9, 10 Neither method can follow movements of islands of muscle within the heart during remodeling after myocardial infarction. On the other hand, both magnetic resonance imaging and quantitative echocardiography image intracardiac structures with increasing clarity, have good to excellent edge detection, 11 and can be used clinically.
Each provides additional information, such as Doppler flow measurements or scanning photoacoustic microscopy grid lines 12 for calculations of regional strains and stresses. 13 SAL compares most closely with tantalum marker radiography and both complements and competes with that method. Both methods require surgery to place markers in or on anatomic structures within or on the heart, but once placed tantalum markers serve for the life of the animal, whereas sonomicrometry transducers eventually fail. More tantalum markers can be placed than sonomicrometry transducers, and tantalum markers can label more delicate, fast-moving structures because they do not have wires attached. Tantalum markers have been used in human transplanted hearts; current SAL technology cannot provide human data. Both methods have been validated for accuracy TM is and both provide reproducible data with small errors between measurements. Reproducibility of tantalum radiography has been assessed in vitro onlyJ 4 Data presented in this article demonstrate in vivo reproducibility of SAL. The major limitations of tantalum marker radiography are high capital, engineering, and computer programming requirements; these requirements severely restrict its application. The relative simplicity and low costs of SAL allow other investigators to use this tracking technology in animal models.
Surgical placement of markers, whether sonomi- crometry transducers or tantalum markers, reliably identifies the labeled anatomic structures and permits precise (see reproducibility studies herein) measurements between markers within that heart. Because different animals are not precisely identical and because no surgeon can place each marker in the same three-dimensional anatomic position in different hearts, both methods provide primarily qualitative comparisons between hearts and animals. Distances between markers are measured with great precision by both methods, l' 14. 15 but the anatomic variations between hearts and differences in surgical placement significantly increase the standard deviation of measurements even if data are normalized for animal size. Nevertheless, the precision of serial comparisons within hearts over time provide important and otherwise unattainable quantitative information regarding ventricular deformations during the cardiac cycle and over days, weeks, and months (and years with tantalum). Ventricular deformations during the cardiac cycle are complex and difficult to describe in quantitative terms. Together, the arrangement of ventricular muscle bundles and the time-dependent dynamics of the left ventricle preclude simplistic models of dynamic geometric changes in both healthy and diseased hearts. Ventricular torsion is particularly difficult to quantify by existing clinical imaging methods. Reliable data have been obtained with tantalum radiography. 16-18 SAL provides a relatively simple method for studying ventricular torsion and is particularly applicable to studies of the mitral valve. Varying placement of transducers allows endocardial, midwall, and epicardial ventricular torsion to be separately studied. With SAL, torsion can be measured relative to a ventricular longitudinal axis or relative to other axes that may have more relevance to a particular function or pathologic state. The sheep is an almost ideal model of ischemic heart disease. Unlike other large animal models, 192z the sheep does not have preformed coronary arterial collateral vessels and has highly reproducible coronary anatomy. 23' 24 Anteroapical left ventricular aneurysm, 23 postinfarction ventricular arrhythmiasy' 26 and acute and chronic ischemic mitral regurgitation 7, 8, 24, 27 are reliably produced by occlusion of selected coronary arteries. These diseases occur in patients who have more varied coronary arterial anatomy, 2s but in patients correlation between coronary anatomy and development of ischemic mitral insufficiency or arrhythmias is much less predictable29, 3o than in sheep. The availability, cost, ED, End-diastole; EIVC, end isovolumic contraction; ES, end-systole; E/VR, end isovolumic relaxation.
size, and docility of sheep are other important advantages.
The ovine mitral valve functions similarly to that of the human being, baboon, and dog but differs in anatomic details. In sheep the mitral leaflets attach to atrial muscle rather than to ventricular muscle. The valve also differs with respect to the length of free papillary muscle. The fact that these anatomic differences do not impair function raises the question of their importance in exercise and pathologic states, such as ischemic mitral regurgitation. The area of ovine mitral leaflets is approximately 1.6 times the area of the mitral orifice during isovolumic relaxation, when the valve is closed. This ratio has been estimated in cadavers 31 but not with in vivo measurements of mitral orifice area. The amount of actual papillary muscle shortening is approximately 2 to 3 mm in sheep s and dog. 5 However, the impact of this shortening on the dosing geometry of the mitral valve may be relatively small compared with the descent of the mitral anulus toward the ventricular apex, rotational movement of the posterior papillary muscle around the longitudinal axis of the left ventricle, and concentric narrowing of the ventricle along the short axes. These spatial deformations of the normal ovine valve are probably relevant to the mechanisms that produce postinfarction mitral regurgitation. 7' s This study illustrates an application of SAL for study of the dynamic, three-dimensional geometry of the normal ovine mitral valve. This work points out some unique anatomic characteristics of the sheep valve and provides new quantitative information regarding left ventricular deformations relative to the mitral valve during the cardiac cycle. This new imaging technology combined with ovine models of ischemic heart disease is particularly promising for study of ventricular remodeling after myocardial infarction.
end-diastole by means of MDS. The five measurements of each of the 120 end-diastolic chord lengths were averaged (n = 5) and a standard deviation for each of the 120 chord lengths was calculated. The normalized error for each individual chord length was estimated by dividing the standard deviation by the mean of the five measured chord lengths for each of the 120 distances. This normalized error for each of the 120 distances was averaged and tabulated as a mean, standard deviation, and range.
The five data sets were also compared by means of the least-squares Procrustes rotation algorithm. 32-34 This technique compares three-dimensional coordinates from two separate data sets by superimposing the two data sets. The second data set Y is rotated and translated with respect to the first data set X so that the residual sum of the squares is minimized. The residual sum of the squares is defined: The average absolute error E, which has units of length, is defined:
The minimum R 2 and the corresponding E were calculated for each data set comparison. Calculations were performed on an 80486-based personal computer (Gateway 2000 Inc., North Sioux City, S.D.) with source code written in C (M. B. Ratcliffe). Between any two heartbeats the Procrustes technique determines an average absolute error for the array of 16 transducers. Each of the five heartbeats processed was compared with each of the other four; therefore ten Procrustes comparisons were made. The mean of the ten average absolute errors was calculated. This procedure was followed twice, once by each of two analysts.
This protocol does not differentiate between withinanalyst variability and the variability caused by changes in sonomicrometer settings. However, the variability associated with adjustment of the sonomicrometer can be estimated by the difference between these average normalized errors and the within-analyst normalized errors that were determined as described below.
Reproducibility within analysts. An analyst adjusted the sonomicrometer for pulse length and inhibit delay and recorded five data sets of five seconds each from an anesthetized, stable sheep. The same analyst selected and processed a single heartbeat from each of the five data sets obtained. An average normalized error was calculated as described earlier. The five heartbeats were also compared by means of the Procrustes algorithm. This complete protocol was repeated by a second analyst and again separately by both analysts on a second sheep.
Reproducibility between analysts. Five data sets, each at a different sonomicrometry setting, were recorded. Each of two analysts processed a single heartbeat (not necessarily the same heartbeat) from each of the five data sets, and all intertransducer distances were determined at end-diastole by means of MDS. This produced five pairs of heartbeats, one from each analyst at each sonomicrometer setting, which were compared as follows. The two measurements of the 120 end-diastolic chord lengths were averaged (n = 2) and the absolute difference for each of the 120 chord lengths was determined. The normalized error for each chord length was estimated by dividing the absolute difference by the mean of the two measurements, and the mean of these 120 normalized errors was found. Each pair of heartbeats was also compared by use of the Procrustes algorithm. The mean, standard deviation, and range of five normalized distance errors and the mean of five Procrustes absolute errors were calculated.
Combined reproducibility. An estimate of the effect of total potential variability on the reproducibility of the technique was performed. Five data sets, at a single sonomicrometer setting, were collected. The sonomicrometer settings were changed, and another five data sets were recorded. One heartbeat from each of the first five data sets was reduced by one analyst; the second analyst processed one heartbeat from each of the second five data sets. Each data set processed by analyst 1 was compared with each data set processed by analyst 2, for a total of 25 comparisons. For each comparison, a mean normalized chord length error was calculated and a Procrustes rotation was performed.
Reproducibility between study sessions. Data were collected from the same sheep during two study sessions 24 hours apart. The hemodynamic conditions on both days were similar. The sonomicrometer settings and analyst were the same for both sessions. The two data sets were compared by calculating the average difference and average percent difference of all 120 chord lengths, as well as applying the Procrustes algorithm to assess the differences in crystal coordinates between data sets.
at the discretion of the surgeon, who would be wise to heed the findings of Gorman, and Komeda, and their colleagues. 1 4. Gorman and coworkers graphically demonstrate several geometric aspects of normal mitral function that may be of relevance to the pathophysiology and repair of ischemic mitral regurgitation. These include papillary muscle shortening, mitral valve descent toward the apex in systole, rotation of the posterior papillary muscle relative to the anulus, and narrowing of the ventricular cavity. The relative roles of these factors in ischemic mitral regurgitation are yet to be demonstrated.
As Gorman and associates suggest, the technique of sonomicrometry array localization (SAL) has merit as a relatively inexpensive laboratory technique to precisely assess cardiac geometry after mitral valve operation, after myocardial infarction, and in the presence of mitral valve disease. Like any good study, this work demonstrates many areas in which further work is needed to fill gaps in our current knowledge. Future studies using the techniques of Gorman and colleagues may suggest refinements of mitral valve repair and replacement techniques that will improve the applicability of mitral valve repair and improve the functional results of mitral valve operations.
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